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a b s t r a c t
The new hypodiphosphates(IV) Rb2[(H2P2O6)(H4P2O6)] (1) and Cs2[(H2P2O6)(H4P2O6)] (2) were synthe-
sized by soft chemistry reactions from aqueous solutions of hypophosphoric acid and the correspond-
ing heavy alkali-metal carbonates. Their crystal structures were determined by single crystal X-ray
diffraction. Both compounds crystallize isotypic in the triclinic space group P-1 with one formula unit in
the unit cell. The structures are built up by discrete (H2P2O6)
2 and (H4P2O6) units in staggered
conformation for the P2O6 skeleton and the corresponding alkali-metal cations. In the (H2P2O6)
2 ion
the hydrogen atoms are in a ‘‘trans–trans’’ conformation. O H–O hydrogen bonds between the
(H2P2O6)
2 and (H4P2O6) groups consolidate the structures into a three-dimensional network. The
FT-Raman and 31P and 1H and MAS NMR spectra of the title compounds have been recorded and
interpreted, especially with respect to their assignment to the (H2P2O6)
2 and (H4P2O6) groups.
Thermogravimetric data of 2 have been interpreted in terms of a thermal decomposition model.
& 2012 Elsevier Inc. All rights reserved.
1. Introduction
Up until today the described main group hypodiphosphates
have only academic interest with the exception of diammonium
hypodiphosphate, (NH4)2H2P2O6 with its ferroelectricity recently
discovered [1]. Thus, it is not surprising that especially structure
related investigations are scarce and scattered in literature
although the hypodiphosphoric acid (H4P2O6) was described
already in 1877 by Salzer [2]. The ﬁrst comprehensive contribu-
tion on syntheses and properties of alkali hypodiphosphates was
published by Mu¨ller in 1913 [3]. Until now no systematic
elucidation on crystal structures of quaternary alkali hypodi-
phosphates followed. Only the crystal structure of Na4P2O6 
10H2O was determined in 1973 [4]. Structural data of hypodipho-
sphates of the heavier alkali metals are still missing.
The situation for the alkali dihydrogen hypodiphosphates,
often/mostly used as starting compounds for quaternary hypodi-
phosphates, is somewhat better, because the crystal structures of
Na2H2P2O6 6H2O, Na3HP2O6 9H2O and of (NH4)2H2P2O6 have
been determined [5]. In addition, a remarkable dioxonium dihydro-
genhypodiphosphate, [(H3O)2H2P2O6] (H4P2O6 2H2O) is described
and characterized only by X-ray crystal structure determination [6].
In aqueous solutions hypodiphosphoric acid (H4P2O6) behaves
as tetrabasic acid which causes a pH dependency of the species
present (pKS1¼2.2; pKS2¼2.81; pKS3¼7.72; pKS4¼10.03) [7]. The
alkali salts are well soluble in aqueous solutions [3,7] allowing so
the substitution of cations by ion exchange which results in
obtaining of new alkali hypodiphosphates.
Here, we report the synthesis, the single-crystal structures,
the Raman and solid-state NMR spectra and thermogravimetric
(TG) measurements of heavy alkali-metal hydrogen hypodipho-
sphates(IV) Rb2[(H2P2O6)(H4P2O6)] (1) and Cs2[(H2P2O6)(H4P2O6)] (2).
2. Experimental
2.1. Synthesis
The new compounds 1 and 2 are accessible by the reaction of
hypodiphosphoric acid and alkali carbonates at 35 1C in aqueous
solution according to
2H4P2O6þM2CO3-M2½ðH2P2O6ÞðH4P2O6ÞþH2OþCO2M¼ Rb and Cs
Rb2[(H2P2O6)(H4P2O6)] (1) was prepared by addition of Rb2CO3
(0.179 g, 0.775 mmol, Alfa Aesar) in an 40 mL aqueous solution of
hypodiphosphoric acid (0.310 g, 1.56 mmol) obtained by the
method described by Remy and Falius at 35 1C [8]. The mixture
was placed in a vacuum desiccator at room temperature. After
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some days colorless block–shaped crystals of compound 1 were
obtained and isolated.
Cs2[(H2P2O6)(H4P2O6)](2) was obtained in a similar way.
Cs2CO3 (0.253 g, 0.775 mmol, Alfa Aesar) was added to an 40 mL
aqueous solution of hypodiphosphoric acid (0.310 g, 1.56 mmol)
at 35 1C. The mixture was placed in a vacuum desiccator at room
temperature. After some days colorless block-shaped crystals of
compound 2 were obtained and isolated.
The presented FT-Raman spectra of the crystalline title com-
pounds were recorded with a Raman module FRA 106 (Nd:YAG
laser, 1064 nm, 4200 mW) attached to a Bruker IFS 66v inter-
ferometer. The thermogravimetric analyses (TG) of compound 2
(150 mg) were taken in an argon atmosphere (50 ml min1) from
room temperature to 620 1C with a heating rate of 5 1C min1
using a Rubotherm Magnetic Suspension Balance.
2.2. Crystal structure analysis
All data were collected on a Stoe IPDS-II single-crystal X-ray
diffractometer with graphite monochromated MoKa radiation
(l¼0.71073 A˚) at 223 K. Crystal structure solution by direct
methods using SHELXS-97 [9] yielded in all cases heavy atom
positions. Subsequent difference Fourier analyses and least
squares reﬁnements with SHELXL-97 [9] allowed localization of
the remaining atom positions. The H positions were determined
by a ﬁnal difference Fourier Synthesis. Details of the X-ray-
structure analyses and crystallographic data for compounds 1
and 2 are presented in Table 1. The atomic coordinates and
selected bond lengths and angles are gathered in Tables 2 and
3, respectively. Selected hydrogen-bond lengths are summarized
in Table 4. For the preparation of the structure drawings,
programs Diamond [10] and POV-ray [11] were applied.
Table 1
Crystal data and structure reﬁnement of Rb2[(H2P2O6)(H4P2O6)] (1) and
Cs2[(H2P2O6) (H4P2O6)] (2).
Empirical formula Rb2H6O12P4 Cs2H6O12P4
Crystal color Colorless Colorless
Formula weight (g mol1) 492.87 587.75
Crystal system Triclinic Triclinic
Space group P-1 P-1
a (A˚) 7.260(1) 7.430(2)
b (A˚) 7.390(1) 7.585(2)
c (A˚) 7.588(2) 7.773(2)
a (1) 89.37(2) 88.54(2)
b (1) 64.16(1) 64.88(2)
g (1) 62.95(1) 61.57(2)
V (A˚3) 317.3(1) 340.1(1)
Z 1 1
Dcalc. (g cm
3) 2.579 2.870
m Mo-Ka (mm1) 8.268 5.879
F(000) 236 272
Temperature (K) 223(2) 223(2)
Diffractometer Stoe IPDS 2 Stoe IPDS 2
Monochromator Graphite Graphite
2y range (1) 1.00–25.03 1.00–25.03
Index ranges 8rhr8 8rhr8
8rkr8 9rkr9
9r lr9 9r lr9
Unique reﬂections 1110 1188
Data/reﬁned parameters 1110/95 1188/95
Goodness-of-ﬁt on F2 1.121 1.142
R1 (IZ2s(I)) 0.0455 0.0412
wR2 (IZ2s(I)) 0.1107 0.1008
R1 (all data) 0.0463 0.0456
wR2 (all data) 0.1116 0.1029
Largest diff. peak and hole peak (e pm3) 1.420/1.479 1.953/1.872
Table 2
Atomic coordinates and equivalent isotropic displacement parameters Ueq (A˚
2) of
Rb2[(H2P2O6)(H4P2O6)] (1) and Cs2[(H2P2O6)(H4P2O6)] (2) (space group P-1). Ueq is
deﬁned as one third of the trace of the orthogonalized Uij tensor (standard
deviations in parentheses).
Atom Site x y z Ueq
Compound 1
Rb 2i 0.46475(7) 0.19015(7) 0.22679(6) 0.0269(3)
P1 2i 0.0358(2) 0.0711(2) 0.3557(2) 0.0146(4)
P2 2i 0.1643(2) 0.4709(2) 0.8707(2) 0.0149(3)
O1 2i 0.1831(5) 0.0740(5) 0.3873(4) 0.0198(7)
O2 2i 0.1179(5) 0.0482(5) 0.2035(4) 0.0207(7)
O3 2i 0.2455(5) 0.3001(4) 0.2956(4) 0.0204(7)
O4 2i 0.3666(5) 0.2968(5) 0.8863(5) 0.0236(7)
O5 2i 0.1708(5) 0.6754(5) 0.8698(4) 0.0200(7)
O6 2i 0.1459(6) 0.4208(5) 0.6824(4) 0.0233(7)
H2 2i 0.002(2) 0.154(2) 0.188(1) 0.08(3)
H3 2i 0.400(1) 0.292(1) 0.242(1) 0.05(2)
H6 2i 0.149(1) 0.296(9) 0.687(8) 0.03(1)
Compound 2
Cs 2i 0.46200(8) 0.20038(7) 0.23047(6) 0.0220(3)
P1 2i 0.0462(3) 0.0749(3) 0.3575(3) 0.0150(4)
P2 2i 0.1506(3) 0.4717(3) 0.8653(3) 0.0156(4)
O1 2i 0.1547(9) 0.0928(7) 0.3781(8) 0.0215(5)
O2 2i 0.1199(9) 0.0438(8) 0.2096(8) 0.0219(5)
O3 2i 0.2617(9) 0.2952(7) 0.3070(8) 0.0220(5)
O4 2i 0.3619(9) 0.2910(7) 0.8609(8) 0.0219(5)
O5 2i 0.1609(9) 0.6691(7) 0.8598(8) 0.0213(5)
O6 2i 0.0996(9) 0.4375(8) 0.6996(8) 0.0237(5)
H2 2i 0.042(3) 0.132(2) 0.148(2) 0.07(4)
H3 2i 0.381(2) 0.276(2) 0.262(2) 0.04(3)
H6 2i 0.071(2) 0.308(2) 0.715(2) 0.04(3)
Table 3
Selected internuclear distances (A˚) and angles (1) for Rb2[(H2P2O6)(H4P2O6)] (1)
and Cs2[(H2P2O6)(H4P2O6)] (2).
Rb2[(H2P2O6)(H4P2O6)]
Rb–O(4)i 2.975(3) Rb–O(1)v 3.155(3)
Rb–O(5)ii 3.034(2) Rb–O(2) 3.204(3)
Rb–O(2)iii 3.097(3) Rb–O(4)vi 3.214(3)
Rb–O(6) 3.128(3) Rb–O(3)vii 3.296(3)
Rb–O(1)iv 3.132(3)
P(1)–O(1) 1.510(3) P(2)–O(4) 1.502(3)
P(1)–O(2) 1.524(3) P(2)–O(5) 1.533(3)
P(1)–O(3) 1.568(3) P(2)–O(6) 1.556(3)
P(1)–P(1)iv 2.175(2) P(2)–P(2)viii 2.175(2)
O(1)–P(1)–O(2) 116.4(2) O(4)–P(2)–O(5) 112.9(2)
O(1)–P(1)–O(3) 110.1(2) O(5)–P(2)–O(6) 114.2(2)
O(2)–P(1)–O(3) 108.9(2) O(5)–P(2)–O(6) 107.3(2)
O(1)–P(1)–P(1)iv 107.7(1) O(4)–P(2)–P(2)viii 108.5(1)
O(2)–P(1)–P(1)iv 107.5(1) O(5)–P(2)–P(2)viii 107.9(1)
O(3)–P(1)–P(1)iv 105.8(1) O(6)–P(2)–P(2)viii 105.6(1)
Cs2[(H2P2O6)(H4P2O6)]
Cs–O(5)ii 3.203(5) Cs–O(1)v 3.315(5)
Cs–O(4)i 3.241(5) Cs–O(2) 3.337(6)
Cs–O(2)iii 3.257(6) Cs–O(3)vii 3.339(6)
Cs–O(4)vi 3.288(5) Cs–O(6) 3.342(6)
Cs–O(1)iv 3.299(5)
P(1)–O(1) 1.504(5) P(2)–O(4) 1.501(5)
P(1)–O(2) 1.521(5) P(2)–O(5) 1.534(5)
P(1)–O(3) 1.569(5) P(2)–O(6) 1.548(5)
P(1)–P(1)iv 2.182(4) P(2)–P(2)viii 2. 175(4)
O(1)–P(1)–O(2) 116.7(3) O(4)–P(2)–O(5) 112.8(3)
O(1)–P(1)–O(3) 109.6(3) O(5)–P(2)–O(6) 114.1(3)
O(2)–P(1)–O(3) 108.5(3) O(5)–P(2)–O(6) 107.8(3)
O(1)–P(1)–P(1)iv 107.6(2) O(4)–P(2)–P(2)viii 108.6(2)
O(2)–P(1)–P(1)iv 108.1(3) O(5)–P(2)–P(2)viii 107.6(2)
O(3)–P(1)–P(1)iv 105.9(2) O(6)–P(2)–P(2)viii 105.5(3)
i) x, y, z1; ii) xþ1, yþ1, zþ1; iii) xþ1, y, z; iv) x, y, zþ1;
v) xþ1, y, z; vi) xþ1, y, zþ1; vii) x, yþ1, z; viii) x, yþ1, zþ2.
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2.3. Solid state NMR
Solid State NMR measurements were carried out on BRUKER
Avance DSX 400, and BRUKER Avance DSX 500 spectrometers,
corresponding to magnetic ﬂux densities of 9.4, and 11.74 T,
respectively. All spectrometers were equipped with 2.5 and
4 mm NMR double and triple resonance probes operating at
MAS rotation frequencies between 3 and 25 kHz.31P{1H} cross-
polarization magic-angle spinning (CPMAS) NMR spectra were
measured at 9.4 T with a 1H 901 pulse length of 5.7 ms, a contact
time of 6 ms and relaxation delays of 5 to 10 s. Hartmann-Hahn
matching conditions were adjusted on NH4H2PO4. An efﬁcient
polarization transfer was achieved by a ramped-amplitude CP
step [12] with the proton nutation frequency nRF(1H) being swept
from 44 to 22 kHz in 64 steps. All spectra were acquired with
TPPM-15 proton decoupling [13] during the data acquisition
applying a decoupling pulse of 6.7 ms (10/12p pulses). Proton
decoupled 31P{1H} MAS spectra were measured under similar
conditions. Lineshape analysis was done by using the DMFIT
software (version 2011) [14]. Chemical shifts are reported relative
to a 85% H3PO4 solution.
31P{1H} CP-heterocorrelated CP-(HETCOR) spectra were
acquired at 11.74 T with a spinning frequency of 25 kHz using
rotor-synchronized increments in the F1 dimension (40 ms) and
TPPI data acquisition. The 1H 901 pulse length was set to 3.3 ms, the
relaxation delay to 15 s and the contact time was set to the very
short value of 50 ms for ensuring maximum spatial selectivity. 1H
MAS-NMR spectra were measured at 11.74 T with a rotor synchro-
nized Hahnecho sequence using 1H 901 pulse lengths of 2.9 to
3.3 ms. The relaxation delay was set to 1000 s. Chemical shifts are
reported relative to TMS using adamantane as a secondary stan-
dard (1.78 ppm). 1H single-quantum double-quantum correlation
spectra were acquired with the back to back (BABA) [15] scheme
consisting in this case of 901 radiofrequency pulse cycles timed to
span one rotor period. 300 transients in the F1 dimension with a
rotor-synchronized increment of 40 ms were detected. The double
quantum excitation time was set to 40 ms (one rotor period).
3. Results and discussion
3.1. Description of the crystal structures
The new compounds 1 and 2 are accessible by the reaction of
hypodiphosphoric acid and alkali carbonates at 35 1C in aqueous
solution.
Single crystals for structure analysis were obtained by cooling
the reaction mixtures to room temperature. Therewith, their
single-crystal structures could be determined by X-ray diffraction.
Details of the X-ray-structure analyses and crystallographic
data for compounds 1 and 2 are presented in Table 1. Selected
bond lengths and angles are gathered in Table 2.
Rb2[(H2P2O6)(H4P2O6)] (1) and Cs2[(H2P2O6)(H4P2O6)] (2) crys-
tallize isotypic in the triclinic space group P1 with one formula
unit in the unit cell. Both compounds are characterized by
[(H2P2O6)(H4P2O6)] units with tetravalent phosphorus and M
þ
cations (M¼Rb and Cs). As shown in the cell-packing diagram the
Mþ cations form layers, which alternate with layers of
[(H2P2O6)(H4P2O6)] anions along the b axis (Fig. 1).
Each Mþ cation (M¼Rb and Cs) is ninefold coordinated by O of
the [(H2P2O6)(H4P2O6)]
2 units with M–O distances of 2.975–
3.296 A˚ for compound 1 and 3.203–3.342 A˚ for compound 2
Table 3. These values agree well with those reported for
Rb4P2S6 6H2O and Cs4P2S6 6H2O [16]. The metal coordination
polyhedron in 1 and 2 can be described as a distorted one-capped
tetragonal prism (Fig. 2).
The anionic units are the predominant features of both crystal
structures. In the [(H2P2O6)(H4P2O6)]
2 unit the tetravalent
Table 4
Selected hydrogen-bond lengths (A˚) and angles (1) for compounds 1 and 2.
D–H  A H  A (A˚) D  A (A˚) D–H  A (1)
Rb2[(H2P2O6)(H4P2O6)]
O(2)–H(2) O(5) 1.546(1) 2.444(1) 171.9(1)
O(3)–H(3) O(4) 1.525(1) 2.551(1) 165.8(1)
O(6)–H(6) O(1) 1.611(1) 2.489(1) 160.1(1)
Cs2[(H2P2O6)(H4P2O6)]
O(2)–H(2) O(5) 1.536(1) 2.441(1) 148.9(1)
O(3)–H(3) O(4) 1.704(1) 2.551(1) 166.8(1)
O(6)–H(6) O(1) 1.518(1) 2.494(1) 146.3(1)
Fig. 1. Projection of the crystal structure of Cs2[(H2P2O6)(H4P2O6)] (2) along the b axis.
Fig. 2. Coordination of Rb in Rb2[(H2P2O6)(H4P2O6)] (1).
P. Wu et al. / Journal of Solid State Chemistry 194 (2012) 212–218214
phosphorus atoms are surrounded tetrahedrally by three oxygen
atoms and one additional phosphorus atom of the same kind. The
(H2P2O6)
2 and (H4P2O6) groups are located at the center of inversion
with P–P distances of 2.175 A˚ for 1 and 2.175 and 2.182 A˚ for 2
Table 3. The P–O bond lengths are ranging from 1.501 to 1.569 A˚. The
bond lengths and angles are well within the expected ranges and are
comparable to those found for the respective hypodiphosphates:
Na2H2P2O6 6H2O (2.190 A˚), (NH4)2H2P2O6 (2.170 A˚) [5], Ni2P2O6 
12H2O (2.170 A˚) [17] and Co2P2O6 12H2O (2.179 A˚) [18]. Both
compounds exhibit a three-dimensional hydrogen-bonded network,
in which the (H2P2O6)
2 and (H2P2O6) units are joined to ribbons
linked by short O–H  O hydrogen bonds (Fig. 3). O–H  O hydrogen
bonds range from 2.444 to 2.551 A˚ for compound 1 and from 2.441 to
2.551 A˚ for compound 2 (Fig. 3 and Table 4). These values agree very
well with those reported for (NH4)2H2P2O6 [1].
3.2. Raman spectroscopy
The Raman spectra of compounds 1 and 2 are dominated by
the vibrational modes of the [(H2P2O6)(H4P2O6)]
2 unit situated
in the frequency region below 1300 cm1. The [(H2P2O6)
(H4P2O6)]
2 mode assignment is made in analogy to the known
Na2H2P2O6 6H2O [5] and NH4H3P2O6 [19] and the spectra have
been interpreted only with respect to (H2P2O6)
2 and (H4P2O6)
groups with C2h symmetry. The discrete (H2P2O6)
2 unit in
staggered conformation for the P2O6 skeleton has the two H
atoms in trans position and exhibits, therefore, C2h symmetry.
A vibrational analysis for such trans conformation delivers [20,21]:
GvibðH2P2O26 =C2hÞ ¼ 8AgðREÞþ5AuðIRÞþ4BgðREÞþ7BuðIRÞ
with Ag polarized and Bg depolarized.
The trans H2P2O6
2 conformation has an inversion centre and,
therefore, the mutual exclusion rule is valid.
For the H4P2O6 unit with staggered P2O6 skeleton and C2h
symmetry one would expect:
GvibðH4P2O6=C2hÞ ¼ 10 AgðREÞþ6AuðIRÞþ5BgðREÞþ9BuðIRÞ
According to that, the Raman active Ag species are found at
1027, 660 and 303 cm1 for compound 1 and at 1015, 658 and
319 cm1 for 2, respectively (Fig. 4 and Tab. S1). Those
(H2P2O6)
2 Raman bands agree well with those given by Palmer
[19] for an aqueous solution of NH4H3P2O6. The Raman active Bg
species are found at 1125, 503, 280 and 267 cm1 for compound
1 and 1132, 512, 281 and 264 cm1 for compound 2. Otherwise,
the latter one and the bands at 101 and 85 cm1 will be
attributed to lattice vibrations.
3.3. Solid state NMR investigations
Fig. 5 displays the 31P{1H} CPMAS spectra (applying the efﬁcient
TPPM-15 proton decoupling scheme) of the two hypodiphosphates
1 and 2, and of Na4P2O6 10H2O as a reference compound. In case of
1, two clearly resolved resonances at 12.5 and 13.5 ppm are
observed. Based on the 31P{1H} CP-HETCOR experiment discussed
further below these signals can be assigned to the two crystal-
lographically distinct phosphorus sites P1 and P2 belonging to the
phosphorus moieties in the hypodiphosphoric acid unit, H4P2O6, and
the dihydrogenhypodiphosphate anion H2P2O6
2 respectively. A
proton-decoupled 31P MAS NMR spectrum acquired at a relaxation
delay of 42 min (ensuring fully relaxed spin populations for rigor-
ously quantitative conditions, see Fig. S1a) yields an intensity ratio
of 1:1 for the two resonances as expected from the crystal structure.
In a CP-J-Resolved experiment (see Fig. S2), only singlets for both
phosphorus centers are observed which illustrates the crystallo-
graphic identity of the two phosphorus atoms in the two structural
motifs. Additionally, a small amount of a second, probably more
disordered or amorphous, phase is detected in the CPMAS NMR
spectra at 10.3 ppm, which exhibits a signiﬁcantly shorter relaxation
time. The content varies slightly between two reaction batches
investigated (see Fig. S3).
Fig. 3. The hydrogen bonds between [H2P2O6]
2 and [H4P2O6] units in Cs2[(H2P2O6)(H4P2O6)] (2).
Fig. 4. Room temperature FT-Raman spectrum (a, b//lexc.¼1064 nm) of crystalline
Rb2[(H2P2O6)(H4P2O6)] (1) and Cs2[(H2P2O6)(H4P2O6)] (2). Only the [(H2P2O6)
(H4P2O6)]
2 relevant frequency region below 1300 cm1 is shown (Raman
intensity is given in arbitrary units).
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The 31P{1H} CPMAS spectrum of the structurally very similar
compound 2 shows also two resonances, but the chemical shift
difference between them is very small (11.7 and 11.4 ppm). The
intensity ratio in a 31P{1H} MAS NMR spectrum is also determined
to 1:1 (see Fig. S1b). The CSA parameters extracted from slow-
spinning CPMAS experiments (spectra not shown) are listed in
Table 5. These values indicate a strongly asymmetric electronic
charge distribution as expected due to the different kinds of
ligands in the dihydrogenhypodiphosphate anion and the hypo-
diphosphoric acid moieties, respectively.
The reference compound Na4P2O6 10H2O exhibits only one
single resonance in a similar chemical shift region as the other
two hypodiphosphates (14.9 ppm). Na4P2O6 10H2O crystallizes in
the monoclinic space group C2/c with four formula units in the unit
cell [a¼17.016(1) A˚, b¼6.968(2) A˚, c¼14.440(2) A˚, b¼115.02(1)1
and V¼1551.5(4) A˚3] [4]. The asymmetric unit contains one crystal-
lographically independent P4þ ion, two Naþ cations and ﬁve water
molecules. Each anion has C2 symmetry with a staggered conforma-
tion and lies on a 2-fold axis of the unit cell [4].
Fig. 6 displays the 1H MAS NMR spectra of all compounds
investigated in the present manuscript. While in case of
Na4P2O6 10H2O only one broad peak from the crystal water
could be observed, the spectra of the hypodiphosphates 1 and 2
show three well resolved resonances at 16.1, 13.9 and 12.2 ppm,
and 16.1, 14.3 and 12.6 ppm, respectively, in an intensity ratio of
1:1:1. For the rubidium compound these resonances can be
assigned to the three crystallographically different proton sites
of the dihydrogenhypodiphosphate anion (H6, 12.2 ppm) and the
hypodiphosphoric acid unit (H2 and H3, 13.9 and 16.1 ppm,
respectively). The assignment of the 31P and 1H resonances to
the different structural moieties is achieved by 31P{1H}CP-HET-
COR double resonance experiments. This technique correlates
those 31P resonances (F2 dimension) with those 1H resonances
(F1 dimension) that are in close spatial proximity. In the present
study, very short contact times (50 ms) in the CP step are essential
for discriminating between ﬁrst and second neighbors, since the
PH distances show only slight differences (see Table 6).
Fig. 7 reveals, that the protons associated with the 1H reso-
nance at 12 ppm interact predominantly with the P species at
13.5 ppm, while the other 1H resonances at 14 and 16 ppm show
the strongest transfer of magnetization to the 31P species at
12.5 ppm. Based on this result we assign the 31P resonance at
13.5 ppm to the dihydrogenhypodiphosphate anion (P2) and the
resonance at 12.5 ppm to the hypodiphosphoric acid moiety (P1).
Especially the 1H resonance at 16.1 ppm shows also a signiﬁcant
correlation peak to the 31P signal at 13.5 ppm, which leads to an
assignment of this 1H resonance to the crystallographic site H3,
since the PH distances between ﬁrst and second neighbors show
the smallest differences for this species (see Table 6). Comparison
with Table 4 reveals that the assignment of the proton sites is in
agreement with an empirical correlation indicating that the
isotropic chemical shift in H-bonded compounds increases with
decreasing H?A distance [22]. Based on the rationale that there
are signiﬁcant differences in the various internuclear 1H–1H
distances (see Table 7), we sought further conﬁrmation for the
1H NMR signal assignments by measuring the intensities of
double-quantum (DQ) coherences excited between the three
types of proton species. Fig. 8 shows the 2D-1H single-quantum
double-quantum correlation spectrum, acquired with a back-to-
back (BABA) pulse sequence [15], acquired at 11.7 T with a
spinning frequency of 25 kHz and a DQ excitation time of 40 ms
(one rotor cycle). However, no signiﬁcant DQ excitation selectiv-
ity was observed, even at the shortest possible mixing time
applied, despite the fact that there are noticeable differences in
the various internuclear HH distances. For example, the notice-
able differences between the H1?H1, H2?H2, and H3???H3
distances in the crystal structure are not reﬂected in signiﬁcantly
different intensities in the corresponding autocorrelation peaks.
Table 5
Experimentally determined (31P{1H} CPMAS experiments with a rotation fre-
quency of 3 kHz) CSA parameters using the convention Ds¼s331/2(s11þs22),
Z¼(s22s11)/(s33siso) and 9s33siso949s11siso949s22siso9.
diso (ppm) 9Ds9 (ppm) Zs
1 12.5 109.6 0.97
1 13.5 101.3 0.93
2 11.4 121.9 0.82
2 11.7 90.5 0.95
25
δ /ppm
20 15 10 5 0 -5 -10 -15
Fig. 6. 1H MAS NMR spectra of the hypodiphosphates(IV) Rb2[(H2P2O6)(H4P2O6)]
(a) and Cs2[(H2P2O6)(H4P2O6)] (b) and Na4P2O6 10H2O as a reference compound
(c). All spectra are measured at 11.7 T with a spinning frequency of 25 kHz using a
rotor synchronized Hahn echo sequence.
Table 6
PH distances between ﬁrst and second neighbors
in Rb2[(H2P2O6)(H4P2O6)] (1).
P1 (A˚) P2 (A˚)
H2 2.07 2.61
H3 2.12 2.53
H6 2.67 1.98
20
δ /ppm
18 16 14 12 10 8 6
Fig. 5. 31P{1H} CPMAS NMR spectra (straight lines) and corresponding lineshape
simulations (dashed lines) of the hypodiphosphates(IV) Rb2[(H2P2O6)(H4P2O6)] 1
(a), Cs2[(H2P2O6)(H4P2O6)] 2 (b) and Na4P2O6 10H2O as a reference compound (c).
All spectra are measured at 9.4 T with spinning frequencies between 10 to 14 kHz
using the TPPM-15 1H decoupling scheme.
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Nevertheless, the dipolar coupled 1H network expected from the
crystal structure is correctly represented in this 2-D spectrum.
3.4. Thermal properties
The thermal behavior of Cs2[(H2P2O6)(H4P2O6)] (2) is deter-
mined in argon atmosphere (50 ml min1) with a heating rate of
5 1C min1 in the temperature range 20–620 1C (Fig. 9). The
thermogram of compound 2 shows decomposition within a mass
loss of 6% in the temperature range 194–350 1C and it corre-
sponds to the loss of two water molecules.
The respective decomposition processes of 1 and 2 can be
described in the following scheme:
1. Disproportionation of [(H2P2O6)(H4P2O6)]
2
a. H2P2O6
2þH2O-H2PO4þH2PO3
b. H4P2O6þH2O-H3PO4þH3PO3
H3P2O7
a H3P2O5
b
þH2O þH2O
[(H2P2O6)(H4P2O6)]
2-H3P2O7
þH3P2O5
2. Condensation reactions
a. M[H3P2O7]-1/nM(PO3)nþ1/n(H3PO3)n[23]þH2O
b. M[H3P2O5]-1/6[Cs(PO2)]6þ1/6(HPO2)6[23]þH2O
a Diphosphate or pyrophosphate.
b Salt of H4P2O5 (Phosphorus acid).
Table 7
H  H distances in Rb2[(H2P2O6)(H4P2O6)] (1) of ﬁrst neighbours.
H2 H3 H6
H2 3.68 3.41 3.71
H3 3.41 4.08 3.53
H6 3.71 3.53 4.55
Fig. 8. 2D 1H?1H single-quantum double-quantum correlation spectrum of
Rb2[(H2P2O6)(H4P2O6)].
Fig. 9. Thermal decomposition (TG) of Cs2[(H2P2O6)(H4P2O6)] (2) in the range 20–
620 1C in argon atmosphere.
Fig. 7. 31P{1H} CP-HETCOR spectrum of Rb2[(H2P2O6)(H4P2O6)] acquired at 11.7 T with a spinning frequency of 25 kHz and a contact time of 50 ms. Additionally,
corresponding slices are shown on the right.
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4. Conclusion
The alkali hypodiphosphates 1 and 2 could be synthesized and
single crystals obtained for the ﬁrst time. The title compounds are
characterized by [(H2P2O6)(H4P2O6)]
2 units in staggered con-
formation related to P2O6 units with tetravalent phosphorus and
Mþ . The (H2P2O6)
2 and (H2P2O6) units are linked together by
short hydrogen bonds. The vibrational spectra are dominated by
the [(H2P2O6)(H4P2O6)]
2 unit. Solid state 31P and 1H NMR
spectra are able to differentiate the crystallographically inequi-
valent phosphorous and proton environments, which can be
identiﬁed with the corresponding crystallographic sites based
on {1H}31P heteronuclear correlated spectra.
Supporting material
The crystallographic data for M2[(H2P2O6)(H4P2O6)] (M¼Rb
and Cs) has been deposited with FIZ Karlsruhe as CSD number
423682 for Rb2[(H2P2O6)(H4P2O6)] (1) and CSD number 423683
for Cs2[(H2P2O6)(H4P2O6)] (2). These data may be obtained free of
charge by contacting FIZ Karlsruhe at þ497247808666 (fax) or
crysdata@ﬁz-karlsruhe.de (email). In addition, further solid state
NMR data are included in the Supporting material.
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